INTRODUCTION
============

The end-Triassic mass extinction at 201.51 million years (Ma) ([@R1], [@R2]) is considered to be one of the most severe biotic crises during the Phanerozoic, with substantial impact on both marine and terrestrial ecosystems ([@R3]). This extinction is generally explained by global warming due to massive input of CO~2~ and/or methane to the atmosphere from volcanic activity in the Central Atlantic Magmatic Province (CAMP) ([@R4], [@R5]), the most extensive large igneous province (LIP) on Earth ([@R6]). High-precision radioisotope ages of CAMP volcanic rocks show that magmatic activity commenced c. 100,000 years before the end-Triassic event ([@R7]) and continued in pulses for 700,000 years ([Fig. 1A](#F1){ref-type="fig"}) ([@R8]). As shown by major perturbations in δ^13^C records across the Triassic-Jurassic boundary (TJB), prolonged and voluminous volcanism released vast quantities of the greenhouse gas CO~2~, as well as SO~2~, and other potentially toxic compounds to the atmosphere ([@R4]--[@R6], [@R9]). The presence of altered volcanic glass spherules, euhedral pyroxene, and amphibole pseudomorphs ([@R10]) and increased levels of iridium in marine sediments ([@R11]) are indicative of the far reach of CAMP activity, but ash beds from CAMP are thus far lacking outside the CAMP area. In preindustrial sedimentary records, temporal distribution of mercury (Hg) is considered a suitable proxy for fallout from volcanic activity ([@R12]--[@R13]). Mercury is emitted primarily as gaseous Hg not only via explosive volcanism but also via degassing from nonexplosive volcanism ([@R14]). Distribution of gaseous Hg (and other substances) from CAMP would have been governed by atmospheric circulation and high-altitude wind patterns ([@R15]). The long residence time in the atmosphere of gaseous elemental Hg (Hg^0^), from 6 months to 2 years, would promote global or at least hemispheric distribution of this element ([@R15]). Elevated Hg concentrations in sedimentary rocks (i.e., Hg anomaly) in marine TJB successions of Nevada ([@R16]), Canada, Greenland, England, Austria, Morocco, and Peru ([@R17]) have been linked to CAMP eruptions, suggesting widespread reach of volcanic Hg from the CAMP. Recently, the use of Hg in sedimentary successions as a proxy for LIP volcanic activity has been questioned ([@R18], [@R19]), as Hg can also be distributed to sedimentary basins by other sources. However, the possibly global and contemporaneous increase in Hg in both terrestrial and marine TJB successions ([@R16], [@R17], [@R20]) suggests increased input of Hg to the global mercury cycle at that time. Thus, the distribution of volcanic Hg in the TJB sedimentary record could potentially provide a means to probe the relationship between CAMP volcanic pulses and biotic responses at various sites.

![TJB timeline and correlation of the Stenlille-1 record with Kuhjoch, Austria, and New York Canyon, Nevada.\
(**A**) U/Pb ages for CAMP intrusives (white circles), CAMP basalts (brown circles), and ash beds from Nevada and Peru (yellow circles), and ammonoid events ([@R1], [@R7], [@R8], [@R32], [@R34]). Note that U/Pb ages 4, 7, 11, and 14 are all from the North Mountain Basalt. 1, Kakoulima intrusion ([@R7]); 2, Tarabuco sill ([@R7]); 3, Messejana dike ([@R7]); 4, North Mountain Basalt ([@R8]); 5, Amelal sill ([@R8]); 6, Amazonas sill (low Ti) ([@R7]); 7, North Mountain Basalt ([@R7], [@R8]); 8, Palisades sill ([@R8]), feeder of the Orange Mountain Basalt; 9, York Haven intrusive ([@R8]); 10, Rapidan intrusive ([@R8]); 11, North Mountain Basalt ([@R7]); 12, Fouta Djalon sill ([@R7]); 13, Hodh sill ([@R7]); 14, North Mountain Basalt ([@R1], [@R2]); 15, Amazonas sill (high Ti) ([@R7]); 16, Shelburne dike ([@R7]); 17, Rossville intrusive ([@R8]); 18, Preakness Basalt ([@R8]); 19, Foum Zguid ([@R7]); 20, Ash bed LM4-86, Peru ([@R1], [@R2]); 21, Ash bed LM4-90, Peru ([@R1], [@R2]); 22, Ash bed NYC-N10, Nevada ([@R1]); 23, Ash bed LM4-100/101, Peru ([@R1], [@R2]); 24, Amazonas Basin sill, Brazil ([@R33]); 25, Solimões Basin sill, Brazil ([@R33]). (**B**) Ammonite zones and extinction interval ([@R32]). (**C** to **E**) Bulk organic C-isotope (as ‰ of Vienna Pee Dee belemnite) ([@R9], [@R32]) and Hg/TOC (in ppb/%) records for (C) Stenlille-1, (D) Kuhjoch, Austria ([@R17], [@R34]), and (E) New York Canyon, Nevada ([@R16]). For an expanded version of this figure showing correlations of Hg/TOC-records and Hg -records of all studied localities, see fig. S2.](aaw4018-F1){#F1}

Here, we focus on investigating the possible correlation of Hg loading with evidence of stress responses of terrestrial plants in the fossil record, specifically in the palynological record. We know today that, apart from greenhouse and other gases, volcanic activity can emit a range of known primary phytotoxic pollutants, including Hg and other heavy metals, fluoride, O~3~, SO~2~, and polycyclic aromatic hydrocarbons (PAHs) ([@R21]). Phytotoxic substances can induce stress responses and cause morphologically visible abnormalities not only in the parent plants (e.g., stunted growth, lesions, necrosis, and shortening of roots) but also in the reproductive cells, i.e., spores and pollen ([@R22]). Studies of both extant and fossil plants suggest that normal sporogenesis results in 95 to 97% viable spores and 3 to 5% aberrant, nonviable spores ([@R23]--[@R26]). Therefore, aberrant spore quantities above 5% are generally regarded as indications of environmental stress. Because of the durability of their sporopollenin walls, abnormal pollen and spores can be used as bioindicators of environmental stress in preindustrial sediments---an especially useful proxy for phytotoxicity in the fossil record. However, it is necessary to differentiate between nonmutagenic and mutagenic aberrant spores or pollen, where the former can be induced through various environmental stresses (e.g., drought, frost, and water logging) disrupting the spore or pollen maturation process, commonly resulting in premature shedding of immature spores or pollen that may or may not be retained and dispersed in tetrads. Mutagenic changes in the mother plant, on the other hand, lead to an increase in the number of spores or pollen that are aberrant and nonviable. A few studies have noted increased abundances of aberrant spores and pollen during other extinction events linked to LIPs and have mainly attributed these to mutagenic effects of a thinned ozone layer ([@R24], [@R27]--[@R28]). Recent work demonstrates that elevated ultraviolet-B (UV-B) radiation increases malformations in pine pollen and that the resulting teratology (i.e., patterns of abnormal development) exhibits the same traits as those registered in gymnospermous bisaccate pollen during the end-Permian event ([@R29]), the most severe mass extinction of the last 540 Ma ([@R3]). Others have focused on the abundance of all abnormal spores and pollen across the Permian-Triassic boundary, suggesting that volcanic pollution from the Siberian Traps was responsible for the mutagenesis ([@R30]).

Here, we quantify various types of abnormalities in the reproductive cells of ferns, i.e., teratology of fossil fern spores, and use this as a proxy for ecological stress and possible mutagenesis in land plants across the TJB. We examined the teratology of two morphogroups of smooth-walled (laevigate), trilete fern spores with fairly thick exine, which we refer to as LTT-spores (laevigate, triangular, trilete spores) ([Fig. 2, A to F](#F2){ref-type="fig"}) and LCT-spores (laevigate, circular, trilete spores) (fig. S1), in the Danish and North German basins. Several other spore and pollen taxa also exhibit abnormalities during the TJB interval ([@R31]); however, LTT- and LCT-spores are ideal to use as proxies for environmental-induced teratology as they are simple trilete spores with rather thick and unsculptured walls (exines). The exine thickness limits folding and, thus, enables distinction between malformed specimens and spores that are merely poorly preserved or folded. Similarly, the lack of complex ornamentation makes it easier to assess morphological abnormalities. Normal LTT-spores are triangular in outline, with a trilete mark with or without labra ([Fig. 2, A to F](#F2){ref-type="fig"}), while normal spores of the LCT morphogroup are circular, commonly without, or with only thin labra (fig. S1, A to D). The two morphogroups exhibit similar aberrant forms that are ranked in categories as mild to severe teratology \[severity categories (C) to (J) in [Table 1](#T1){ref-type="table"}\], suggesting disturbance during different developmental stages ([Table 1](#T1){ref-type="table"}).

![Selected photos of LTT-spores teratology, arranged after teratology category defined in [Table 1](#T1){ref-type="table"}.\
In black frames: (**A** to **F**) representatives of normal spores. In white frames, mild teratology: (**G** and **H**) dwarfs, (**I** to **K**) unexpanded forms. In yellow frames, mild to moderate teratology: (**L** and **M**) uneven trilete mark, (**N**) uneven trilete mark and aberrant exine cracks, (**O** to **Q**) aberrant exine cracks or folds, (**R** to **U**) thickened labra or with growths, and (**V**) dwarf with thickened labra. In orange frames, moderate teratology: (**W**) quadrilete specimen, (**X**) monolete specimens with thickened labra, (**Y** and **Z**) mono- or multilete specimens, (**AA**) monolete specimen with deformed labra and possibly deformed outline, and (**BB** and **CC**) specimens with deformed outline. In light red frames, moderate to severe teratology: (**DD**) specimen with weakly deformed trilete mark and deformed outline, (**EE**) weakly deformed proximal area on a quadrilete specimen, (**FF**) weakly deformed proximal area with weakly discernable laesura and deformed outline, and (**GG**) conjoined twins. In dark red frames, severe teratology: (**HH** and **II**) severe proximal deformation. Scale bar, 20 μm. For sample number and England Finder coordinates, see table S1.](aaw4018-F2){#F2}

###### Teratology: Characterization, severity, and possible cause.

  -----------------------------------------------------------------------------------
  **Teratology**            **Characteristics**   **Severity**   **Possible cause**
  ------------------------- --------------------- -------------- --------------------
  **(A) *Dwarfed***\        Aberrant small\       Minor          Premature\
  ***forms***               size. Often\                         shedding.
                            dense exine.\                        
                            Immature.                            

  **(B) *Unexpanded***\     Poorly inflated.\     Minor          Premature\
  ***forms***               Immature.                            shedding.

  **(C) *Uneven***\         Uneven length\        Minor to\      One or more\
  ***trilete rays***        of trilete rays or\   moderate       aborted spore\
                            deformed\                            in tetrad.
                            (sinuous) trilete\                   
                            rays.                                

  **(D) *Aberrant***\       Exine with\           Minor to\      Mild genetic\
  ***folding***             transverse folds\     moderate       disturbance?
                            and/or cracks.                       

  **(E) *Labra***\          Aberrant wide\        Minor to\      Mild genetic\
  ***thickened or***\       labras or with\       moderate       disturbance.
  ***with growths***        growths\                             
                            (baculae,\                           
                            granae, and\                         
                            verrucae) on\                        
                            labra.                               

  **(F) *Mono- or***\       Aberrant mark\        Moderate       Disturbed\
  ***multilete***           with too few or\                     meiosis\
                            too many rays.                       resulting in\
                                                                 either a\
                                                                 tetragonal\
                                                                 tetrad\
                                                                 configuration,\
                                                                 or more than 4\
                                                                 spores, or due\
                                                                 to fused twins.\
                                                                 Unbalanced\
                                                                 cytokinesis.

  **(G) *Deformed***\       Indentations on\      Moderate       Probably not\
  ***outline***             spore margin,\                       only related to\
                            not caused by\                       uneven spore\
                            folding or\                          development in\
                            preservation.                        a tetrad.\
                                                                 Genetic\
                                                                 disturbance\
                                                                 affecting cell\
                                                                 growth.\
                                                                 Incomplete\
                                                                 cytokinesis.

  **(H) *Minor***\          Thickened and/\       Moderate to\   Genetic\
  ***proximal***\           or wrinkled\          severe         deformation\
  ***deformation***         proximal area\                       affecting the\
                            with trilete\                        proximal\
                            mark partially\                      (germination)\
                            discernable.                         area.

  **(I) *Deformed or***\    Not merely\           Moderate to\   May indicate\
  ***fused tetrads or***\   separate spores\      severe         genetic\
  ***dyads***               still in tetrad or\                  disturbance\
                            dyad\                                and\
                            configuration.                       unbalanced\
                                                                 cytokinesis.

  **(J) *Major***\          Thickened and\        Severe         Severe genetic\
  ***proximal***\           wrinkled\                            deformation of\
  ***deformation***         proximal area\                       proximal\
                            where the\                           (germination)\
                            trilete mark is\                     area.
                            not discernable.                     
  -----------------------------------------------------------------------------------

To correlate the teratology record with the CAMP volcanism, we compare the teratology to Hg loading in stratigraphically well-constrained ([@R32]) marine successions in cored wells from the Danish Basin (Stenlille-1 and Stenlille-4) and the North German Basin (Rødby-1), that span the TJB. We also present teratology and Hg data from outcrop and core samples from the predominantly terrestrial Rhaetian (latest Triassic) Norra Albert/Albert-1 succession in the Danish Basin to test contemporaneous Hg accumulation in the Rhaetian mires and freshwater systems.

RESULTS
=======

The stratigraphic framework for this paper is based on correlations between radioisotopic (U/Pb) ages of ash beds in ammonite-bearing successions in Nevada and Peru ([@R1], [@R2]), U/Pb ages of CAMP extrusives and intrusives ([@R7], [@R8], [@R33]), and ammonite and palynological events in sedimentary successions in Northwestern (NW) Europe ([Fig. 1](#F1){ref-type="fig"} and fig. S2) ([@R32]). This correlation allows recognition of three negative organic C-isotope excursions (CIEs): the Marshi, the Spelae, and the top-Tilmanni CIEs ([Fig. 1](#F1){ref-type="fig"}). The interval below the Marshi CIE is here referred to as the pre-Marshi interval. The Marshi CIE is expressed as a negative CIE close to the last occurrence of the typical Triassic ammonoid *Choristoceras marshi* or the closely related *Choristoceras crickmayi.* The Marshi event marks the onset of the end-Triassic mass extinction in marine successions ([@R32], [@R34]). The Marshi CIE is in expanded successions succeeded by a maximum flooding event ([@R32], [@R35]), herein referred to as the late Rhaetian transgression (LRT). In NW Europe, the LRT is followed by the *Polypodiisporites polymicroforatus* abundance interval, which can be recognized over large areas in both terrestrial and marine successions, and is characterized by generally high abundances of the nominate fern spore species ([@R32]). The *P. polymicroforatus* abundance interval is associated with a regressive event and more positive organic δ^13^C values. The *P. polymicroforatus* abundance interval encompasses the maximum phase of the marine extinction interval, and palynological data across Europe indicate widespread deforestation and major restructuring of the terrestrial ecosystem during this interval ([@R36], [@R37]). The next CIE, the Spelae CIE, occurs before the first occurrence of the marker taxon for the basal Jurassic, the ammonite *Psiloceras spelae tirolicum* ([@R34]). The Spelae CIE is associated with a transgressive event and is generally marked by an initial sharp negative peak, followed by a plateau of somewhat less negative values ([@R4], [@R32]). The Spelae CIE is characterized by depauperate benthic marine faunas, while plant communities appear to have begun to recover already around this event, albeit with spore-producing plants playing a more dominant role globally ([@R9], [@R37], [@R38]). The interval between the Marshi and Spelae CIEs corresponds roughly to the marine extinction interval ([Fig. 1](#F1){ref-type="fig"} and fig. S2). On the basis of correlations between U/Pb-dated ash beds in Peru and Nevada, the maximum age range for this interval is \~450 thousand years (ka), encompassing the hitherto dated CAMP extrusives, the North Mountain and the Preakness basalts ([@R1], [@R7], [@R8]) ([Fig. 1](#F1){ref-type="fig"} and fig. S2). Between these two dated CAMP extrusives, there are at least two additional basalt flows in Morocco (the Intermediate and the Upper units) that are not dated ([@R6]). Palynofloras from sediments above the Upper Unit in Morocco also indicate a Rhaetian age ([@R39]). The interval succeeding the Spelae CIE is characterized by positive C-isotope values and is referred to as the post-Spelae interval ([Fig. 1](#F1){ref-type="fig"}). At the top of the Tilmanni ammonite zone, the organic δ^13^C again shifts toward more negative values, and this shift is referred to as the top-Tilmanni CIE ([@R32]). This level equates to the onset of the "main CIE" of reference ([@R4]).

In the Stenlille wells (Danish Basin), we observe four distinct peaks where Hg increases by a factor of 10 or more above background levels \[\~12 to 15 parts per billion (ppb)\] to maximum concentrations of 120 to 230 ppb ([Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). Increased Hg levels are registered in the lower part of the pre-Marshi interval, during the LRT, the Spelae CIE, and just before the top-Tilmanni CIE ([Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). In Rødby-1 (North German Basin), multiple Hg anomalies are evident with peak values up to 600 ppb, i.e., three to six times the background level at \~104 ppb, including during the LRT, the Spelae CIE, and just before the top-Tilmanni CIE ([Fig. 3](#F3){ref-type="fig"}). In addition, the Rødby-1 record indicates elevated Hg levels above the top-Tilmanni CIE ([Fig. 3](#F3){ref-type="fig"}). When Hg is normalized by total organic carbon (TOC) to account for Hg sequestration by organic matter, the pattern changes somewhat. Although Hg/TOC levels only appear to be elevated in the pre-Marshi interval of Stenlille-1 ([Fig. 3](#F3){ref-type="fig"}), the two Stenlille wells otherwise show remarkably similar patterns during the LRT, *P. polymicroforatus* abundance interval, the Spelae CIE, and close to the top-Tilmanni CIE ([Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). During the first part of the LRT, Hg input was elevated, but the overall Hg/TOC remained low ([Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). In the upper part of the LRT, Hg and Hg/TOC levels both decrease despite high TOC levels (1 to 3%). During the *P. polymicroforatus* abundance interval, TOC values are low, but increased Hg/TOC levels are present in all three cores ([Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). Likewise, elevated Hg during the Spelae CIE is marked by two Hg/TOC peaks in all three cores. During the post-Spelae interval, slight increases in both Hg and Hg/TOC are recorded just below the top-Tilmanni CIE in the Stenlille-1 and Rødby-1 records. In addition, both Hg and Hg/TOC values are elevated at a higher stratigraphic level in Rødby-1 ([Fig. 3](#F3){ref-type="fig"}).

![Organic δ^13^C, total organic carbon, Hg loading and Hg/TOC, and total teratology for Stenlille-1 and Rødby-1.\
(**A**) Stenlille-1, and (**B**) Rødby-1. The LTT- and LCT-spore teratology is expressed as percentage of the total number of specimens counted within each genus per sample, as well as total severity of sample expressed as colors. Lithology and intervals used to subdivide the TJB succession mainly after reference ([@R32]). Stars denote approximate position of terrestrial coal/coaly beds in the Danish Basin ([@R45]). Number of stars indicates frequency of wildfires. Larger star size indicates higher estimated burning temperature ([@R45]). Red arrows on (A) mark levels where Hg and Hg/TOC decrease, while TOC levels remain high. Note that TOC values below the detection levels are marked with white squares and that no Hg/TOC values were calculated for these samples. VPDB, Vienna Pee Dee belemnite.](aaw4018-F3){#F3}

![TOC, Hg loading and Hg/TOC, and total teratology for Stenlille-4 and Norra Albert/Albert-1.\
(**A**) Stenlille-4 and (**B**) Norra Albert/Albert-1. The LTT- and LCT-spore teratology is expressed as percentage of the total number of specimens counted within each genus per sample, as well as total severity of sample expressed as colors. Lithology and intervals used to subdivide the TJB succession mainly after ([@R36]). Red arrows on (A) mark levels where Hg and Hg/TOC decrease, while TOC levels remain high. Note that TOC values below the detection levels are marked with white squares and that no Hg/TOC values were generated for these samples.](aaw4018-F4){#F4}

Malformations in LTT-spores, indicative of mutagenesis in the parent plants \[severity categories (C) to (J), [Table 1](#T1){ref-type="table"}\], first occur sporadically in the lower pre-Marshi interval ([Fig. 3](#F3){ref-type="fig"}). In Stenlille-1 and Stenlille-4, up to 20% of the LTT-spores at this level are malformed, occasionally exhibiting moderate and moderate to severe mutagenesis \[severity categories (C) and (E) to (H); [Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}; and fig. S3\], i.e., primarily indicating aborted spores and mild deformation of labra, but with a few specimens indicating disturbed meiosis, unbalanced and incomplete cytokinesis (cell division), and occasional deformation of proximal germination area ([Table 1](#T1){ref-type="table"}). During the upper pre-Marshi, Marshi, and lower LRT intervals, malformations are restricted to minor to moderate mutagenesis \[severity categories (C) to (E), [Table 1](#T1){ref-type="table"}\] and, apart from at one level in the terrestrial site where aberrant specimens comprise 20% of the counted LTT-spores, aberrant spores never exceed 8% ([Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"} and tables S2 to S5). From the upper part of the LRT and through the *P. polymicroforatus* interval, malformed LTT-spores with increased mutagenic severity occur more consistently ([Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). A similar trend is also noted in the terrestrial site that only covers a minor part of the interval ([Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"} and fig. S4). The mutagenic teratology in LTT-spores culminates during and just after the Spelae CIE in all three cores, with abundant occurrences in all teratological categories including moderate to severe and severe teratology \[severity categories (H) to (J), [Table 1](#T1){ref-type="table"} and fig. S3). At this level, aberrant forms can encompass as much as 56% of the counted LTT-spores (Stenlille-1, 11 to 45%; Stenlille-4, 12 to 56%; Rødby-1, 9 to 21%) ([Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}, fig. S3, and tables S2 to S4). During the post-Spelae interval, mutagenic LTT-spores are encountered less frequently, commonly not constituting more than 5% of the counted LTT-spores. There is a slight increase of up to 9% around the top-Tilmanni CIE, with occasionally more severe teratology ([Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}, fig. S3 and tables S2 to S4).

LCT-spores are present but generally rare in the pre-Marshi, Marshi, and LRT intervals, and therefore, no quantitative assessments of the teratology of these spores could be carried out at these levels. LCT-spores first become more abundant during the *P. polymicroforatus* interval. However, LCT-spores are generally less abundant than the LTT-spores. The abundance curve for aberrant LCT-spores is similar to that of the LTT-spores, especially in Rødby-1, with the highest abundances and severities recorded during and after the Spelae CIE ([Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"} and tables S6 to S8). The percentage of aberrant forms is exceptionally high in some samples, often exceeding 40% of the counted LCT-spores (67% at one level in Stenlille-1 and 70% at one level in Rødby-1). These samples contain abundant specimens assigned to severity category (J), where the entire proximal face of the spore is deformed to the extent that the proximal mark can no longer be recognized ([Fig. 2II](#F2){ref-type="fig"}). Circular forms with this type of deformation has routinely been counted as aberrant LCT-spores, while more triangular forms with similar deformation have been assigned to aberrant LTT-spores (compare [Fig. 2II](#F2){ref-type="fig"} with fig. S1P). However, there is a possibility that some of these forms include aberrant polyploid LTT-spores, as polyploid specimens in some extant ferns that normally produce triangular spores have been noted to be larger and more rounded in shape \[see, e.g., ([@R26])\].

DISCUSSION
==========

The narrow, well-defined levels with high concentrations of Hg in the studied successions can be correlated between the sites within the Danish and North German basins and suggest that Hg deposition was pulsed ([Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"} and fig. S4). Using the stratigraphic framework ([@R32]) described above, we correlate our new Hg/TOC record for Stenlille-1 with the previously published Hg/TOC records from the New York Canyon ([@R16]) and Kuhjoch ([@R17]) ([Fig. 1](#F1){ref-type="fig"} and fig. S2). Despite major differences in sedimentation rates, as well as amplitudes in the organic CIEs between all localities, both the Hg/TOC records and the δ^13^C records are fairly consistent ([Fig. 1](#F1){ref-type="fig"} and fig. S2). This bio- and chemostratigraphic correlation between the sedimentary successions and CAMP rocks indicate a temporal link between Hg loading and volcanic activity ([Fig. 1](#F1){ref-type="fig"}). The CIEs have been attributed to CO~2~ or methane emissions from CAMP volcanism ([@R4], [@R5]) and more recently from magma-sediment interaction ([@R40]). Because both the Hg loading (Hg and Hg/TOC) and the CIEs occur in discrete and repeated intervals ([Fig. 1](#F1){ref-type="fig"} and fig. S2), it is tempting to try to correlate individual Hg anomalies to specific CAMP eruptions. However, only two eruptive units of the CAMP have been dated by high-resolution U/Pb geochronology (the North Mountain and Preakness Basalts) ([@R1], [@R7], [@R8]). These two eruptive units are separated by an interval, with minimum duration of 164 ka according to the U/Pb ages ([Fig. 1](#F1){ref-type="fig"}). The maximum age range for the ash beds constraining the marine mass extinction interval, as defined by ammonoids, encompasses the maximum phase of volcanic activity in the CAMP ([Fig. 1](#F1){ref-type="fig"} and fig. S2).

The Hg records of Stenlille-1 and Norra Albert/Albert-1 ([Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}) both extend further into the Rhaetian than the records from Kuhjoch and Nevada ([Fig. 1](#F1){ref-type="fig"}), and both indicate a pre-Marshi perturbation to the Hg cycle. This perturbation may therefore be related to older CAMP eruptions. These older eruptions have been indicated by mineralogical and geochemical signatures of Triassic sediments below the oldest CAMP basalt in Morocco ([@R41]). Both the LRT interval and the Spelae CIE are associated with major Hg deposition in the Danish and North German basins, as well as in Nevada and Kuhjoch, suggesting widespread Hg perturbations at these levels (fig. S2). The Hg anomaly registered in the lower part of the LRT immediately succeeds the Marshi CIE. In the Kuhjoch record, this Hg anomaly occurs in highly condensed strata ([@R34]), which probably explains the high concentration of 555 ppb ([@R17]). Increased Hg is also registered just before the top-Tilmanni CIE \[i.e., the main CIE of reference ([@R4])\] in all three records, but neither Hg/TOC records from Kuhjoch and Nevada show a convincing Hg anomaly at that level ([Fig. 1](#F1){ref-type="fig"} and fig. S2). In addition, an increase in Hg is also registered in the Rødby-1 record after the top-Tilmanni CIE ([Fig. 3](#F3){ref-type="fig"}). This is in accordance with previous studies on Hg from LIP volcanism, where the Hg anomalies are not always matched by CIEs ([@R17], [@R42]).

Marine and terrestrial Hg records can be expected to represent somewhat different but overlapping types of Hg deposition associated with massive volcanism. In the marine realm (based on the modern oceanic analog), atmospheric Hg was deposited mainly as oxidized Hg^2+^, which was adsorbed and sedimented (i.e., scavenged) by marine algal organic matter ([@R43]). In the terrestrial environment, different processes would have prevailed. Oxidized Hg deposited onto soils would have been adsorbed by soil organic matter or taken up via roots by land plants, while freshwater algae may have absorbed Hg from the water. Terrestrial plants with stomata absorb substantial quantities of gaseous elemental Hg (Hg^0^) directly from air, such that, in the modern world, the litterfall flux containing Hg^0^ under all vegetation types is at least as important as oxidized Hg^2+^ deposition ([@R43]). Some terrestrial Hg ultimately finds its way to the ocean via rivers, but in the modern global budget, rivers contribute only about 10% of total ocean Hg inputs ([@R43]). Thus, if ancient oceans were like modern oceans, then the marine sedimentary successions represent mostly atmopsheric Hg deposited at the ocean surface.

The Hg/TOC ratio in sedimentary sequences is a reliable indicator for detecting substantial and sustained increases in atmospheric Hg deposition ([@R12], [@R13]), particularly when interpreted in the context of Hg and TOC concentration data as we have done here. These increases in atmospheric Hg deposition lead to a sudden increase in Hg/TOC relative to the background in sediment records. On the basis of coincident changes in Hg and TOC concentrations, we interpret the elevated Hg/TOC as due to either a sudden rise in Hg concentration or a decrease in algal organic carbon production, both which result from the effects of massive volcanism ([@R12], [@R13]). The relationship between Hg loading and Hg/TOC records in the investigated marine successions (Stenlille-1, Stenlille-4, and Rødby-1) indicates how the elevated Hg loading was drawn down by marine phytoplankton ([Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). A recent study suggested that a high Hg/S ratio compared to a Hg/TOC ratio would demonstrate that Hg was bound to pyrite rather than organic matter in the marine sedimentary environment and that this would indicate a nonvolcanic source for Hg ([@R19]). This suggestion is in contradiction with the geochemistry of mercury in aqueous systems. Mercury is always associated with sulfur, as the dissolved bivalent Hg in the aquatic environment could potentially bind with either organosulfur compounds (thiols) or free sulfides, depending on their competitive binding kinetics ([@R12], [@R44]). Therefore, Hg association with sulfur is not necessarily indicative of the source but rather of the complex geochemical conditions required for fixing dissolved Hg in the sediments ([@R12], [@R44]). These considerations were thoroughly discussed in ([@R12]) (and references therein).

During the first part of the LRT, Hg is elevated in both the marine and terrestrial environments ([Figs. 1](#F1){ref-type="fig"}, [3](#F3){ref-type="fig"}, and [4](#F4){ref-type="fig"} and fig. S2). In the marine sections, high TOC levels result in low Hg/TOC levels during the first part of the LRT ([Figs. 1](#F1){ref-type="fig"}, [3](#F3){ref-type="fig"}, and [4](#F4){ref-type="fig"} and fig. S2). Elevated Hg/TOC values are only registered at one level within the lower part of the LRT in Stenlille-4. In the marine sections, the upper part of the LRT exhibits both decreasing Hg and Hg/TOC despite TOC levels remaining high (1 to 3%) ([Figs. 3A](#F3){ref-type="fig"} and [4A](#F4){ref-type="fig"} levels marked with red arrows). We interpret this as indicating that the source of Hg was temporarily waning. In the terrestrial section, initially high Hg and Hg/TOC values in the first part of the LRT decrease upwards, while TOC remains constantly low ([Fig. 4](#F4){ref-type="fig"}). Despite high TOC levels in the coals and coaly shales that contain plant remains accumulated over longer time intervals, Hg levels remain moderate and Hg/TOC levels are low, even in coal seams B and A that are known to contain charcoal ([Fig. 4](#F4){ref-type="fig"}) ([@R45]). Hg/TOC only increases markedly in the uppermost coal sample, which despite high TOC indicates a temporary increase in input of Hg. After this, both TOC and Hg loading decrease markedly, partly as an effect of a major change in sedimentology ([Fig. 4](#F4){ref-type="fig"}). The low TOC values during the *P. polymicroforatus* abundance interval could be a combination of increased sedimentation rates, decreased marine primary productivity ([@R9]), and deforestation on land ([@R36]). Despite the generally low TOC values throughout this interval, increased Hg/TOC levels are present in the lower part of the interval in all three cores ([Figs. 3](#F3){ref-type="fig"} to [5](#F5){ref-type="fig"}).

![Hg loading and Hg/TOC versus cumulative abundance and severity of LTT-spore teratology.\
(**A**) Stenlille-1, (**B**) Stenlille-4, and (**C**) Rødby-1. (A) to (J) Teratological severity categories; characteristics can be found in [Table 1](#T1){ref-type="table"}. Original plots for the cumulative abundance and severity can be found in fig. S2 to S4, and the data are listed in tables S2 to S4.](aaw4018-F5){#F5}

At the Spelae CIE, high Hg/TOC peaks correspond to increased Hg loading in all three marine records ([Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}), although increased marine productivity increased at this level ([@R9]). During the post-Spelae interval, input of Hg to the basins was limited, indicating a period of quiescence in the volcanic activity. Slight increases in both Hg and Hg/TOC recorded just below the top-Tilmanni CIE in the Stenlille-1 and Rødby-1 records indicate renewed Hg supply to the basins ([Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). This may continue above the top-Tilmanni CIE as indicated by increases in both Hg and Hg/TOC values at a higher stratigraphic level in Rødby-1 ([Fig. 3](#F3){ref-type="fig"}).

The record of LTT-spore teratology across the TJB of the Danish and North German basins, varies in concert with the volcanic activity, as inferred by the C-isotope and Hg records ([Figs. 3](#F3){ref-type="fig"} to [5](#F5){ref-type="fig"}). The marked abundance of malformed LTT- and LCT-spores has also been noted at the equivalent stratigraphic levels in localities in southern Sweden (Supplementary Text), Germany ([@R41]), and at the Global Stratotype Sections and Point locality Kuhjoch in Austria ([@R41]), indicating supraregional environmental conditions stressing land plants at this time. During the TJB, LTT-spores were produced primarily by the fern families Dipteridaceae, Dicksoniaceae, and Matoniaceae, while LCT-spores were primarily produced by ferns belonging to Osmundaceae and Marattiales ([@R46]).

Many fern families have naturally occurring apogamy, which can involve as much as 17% of the local flora ([@R47]). Apogamy is an asexual reproductive process in which a new sporophyte is developed directly from the gametophyte without fusion of gametes, and this process can result in the production of high percentages of malformed spores in subsequent generations due to the resulting polyploidy of the hybrid plant. However, among ferns, apogamy with or without polyploidy is restricted to certain families ([@R47]). The known parent fern families of the herein recorded Triassic-Jurassic spores, namely, the Dipteridaceae, the Matoniaceae, and the Dicksoniaceae (and possibly also including the Cyathaceae, the Cibotiaceae and the Gleicheniaceae) for the LTT-spores, and the Osmundaceae and the Marattiaceae for the LCT-spores, do not exhibit apogamy ([@R47]). This fact makes the mass occurrence of aberrant spores among these families at the TJB even more remarkable.

The teratology across the TJB also indicates a pulsed nature of the mutagenesis, with increased abundances and severity in malformations over the extinction interval and culminating during the Spelae CIE ([Fig. 5](#F5){ref-type="fig"}). This pulsed temporal correlation between the Hg loading and the teratology suggests a causal link between the mutagenesis and the volcanism ([Fig. 5](#F5){ref-type="fig"}).

For recorded spore and pollen mutagenesis during the end-Permian event, a scenario involving ozone layer depletion due to emissions of halocarbons and aerosols from the Siberian Traps LIP was proposed ([@R27]). During that event, malformed bisaccate pollen registered in Permian-Triassic boundary strata reached abundances of up to 6% ([@R24]). This is a plausible scenario also for the end-Triassic event due to a magma-evaporite interaction caused by intrusion of Brazilian low-titanium sills ([@R40]), although in our TJB successions, aberrant pinacean and other bisaccate gymnosperm pollen have only been noted in very low numbers, much lower than at the Permian-Triassic boundary. It therefore seems likely that the high abundances of LTT- and LCT-spores at the TJB were caused by a mechanism other than increased UV-B radiation.

The TJB, and specifically the Spelae CIE, is associated with marked global warming, recorded by stomatal proxy data, and estimated to have increased mean global temperatures by 2.5° to 5°C ([@R48]). An experimental study involving high localized temperature treatment (38° to 40°C) of extant angiosperm pollen shows polyploidy, abnormal meiosis, and cytokinesis during pollen formation ([@R49]). However, there is a marked difference between localized heating of pollen producing organs to 38° to 40°C and prolonged ambient air temperature of the same magnitude. These high air temperatures during an extended period of time would most likely repress most of the vegetation, and few plants could survive long-term temperatures above 40°C ([@R50]). In addition, during the Spelae CIE, the terrestrial ecosystem appears to be recovering, with the return of gymnosperm vegetation ([@R9]). Thus, although neither ozone layer depletion nor global warming can be ruled out as contributing causes of the malformed fern spores at the TJB, they most likely were not the main cause. One group of phytotoxic substances that have been recorded in TJB successions in Germany, Poland, and Greenland are PAHs ([@R36], [@R51], [@R52]), which have been suggested to have formed either by thermal reactions between CAMP-intrusive magma and organic rich sediments or from wildfires. However, in the Mariental core in the North German Basin, where aberrant LTT-spores and increased PAHs are recorded within the same interval, the aberrant LTT-spores decreased in abundance, while PAHs continued to be registered upsection ([@R35], [@R36]). This discrepancy suggests that PAHs were not the main mutagenic trigger.

On the basis of our results, we instead propose that the observed teratology is an expression of Hg toxicity in the parent plants. As one of the most toxic elements on the planet, mercury can cause both visible injuries and physiological disorders in plants ([@R53]), including stomatal closure, disturbed mitochondrial activity, and induced oxidative stress, which, in turn, damage DNA ([@R21], [@R54]--[@R55]). Today, mercury pollution from anthropogenic sources is known to seriously disturb growth and reproductive cycles in plants, causing long-term effects on soil fertility and subsequent severe health issues to animals and human population ([@R21], [@R54], [@R55]). This is because mercury, primarily as methylmercury, bioaccumulates and biomagnifies via the food chain ([@R54]). Recent studies on Hg toxicity in plants show that mercury causes similar interference in plant cells as other heavy metals ([@R55]), causing DNA damage through reactive oxygen species formation, interacting with proteins used for replication or repair of DNA, or by binding directly to negative centers (e.g., phosphorous) in the DNA and causing mutagenesis ([@R55]). If DNA repair mechanisms become dysfunctional, then damages to DNA will be transferred to the next generation; i.e., Hg-induced mutagenic changes on plant DNA can be transferred to the reproductive cells, in this case spores. Although the parent ferns of LTT- and LCT-spores produced excessive amounts of malformed spores at the TJB, these plants persisted and continued to be an important part of mid-Mesozoic terrestrial ecosystems. In contrast, many of the typical Late Triassic plants that went extinct during the end-Triassic event, as shown by macroplant and palynological records ([@R37], [@R38]), may have had less opportunistic growth and reproductive strategies and lower tolerance to phytotoxicity than the resilient parent ferns of LTT- and LCT-spores.

The coastal Rhaetian forest mires of the Danish and North German basins, as well as the forests in Greenland ([@R45], [@R56]), were areas that also acted as catchments and may both have received and stored high amounts of Hg from CAMP ([@R57]). It is possible that increased wildfire intensity across the TJB could have further exacerbated the phytotoxic effects of direct Hg deposition by redistributing Hg from CAMP previously stored in plants, peats, and soils ([@R45], [@R56], [@R57]). However, note that the mire wildfire records of the Danish Basin ([@R45]) do not seem to coincide with the Hg or Hg/TOC anomalies in our records ([Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). Similarly, it is not obvious from the charcoal ([@R56]), Hg, and Hg/TOC records ([@R17]) across the terrestrial TJB in Greenland that the Hg anomalies were linked to wildfires (fig. S5).

Our combined mercury and teratology records demonstrate that terrestrial plants in NW Europe were subject to mutagenesis correlative with CAMP volcanism. Thus, in addition to environmental stress from global warming ([@R48]) and sulfuric acid deposition ([@R58]) due to emissions from CAMP, mercury-induced phytotoxicity may have played a role in the demise of Late Triassic land plants. However, future work should focus on assessing the teratology of various groups of fossil spores and pollen across LIP-linked extinctions to unravel the exact cause or causes of the mutagenesis. The close correlation, between the teratology across the TJB and the intensity of CAMP volcanic activity, emphasizes that environmental stress due to prolonged degassing of greenhouse gases and toxic compounds from LIPs could be an important factor in past floral extinctions.

MATERIALS AND METHODS
=====================

Experimental design
-------------------

During routine quantitative analysis, aberrant palynomorphs were found to be exceptionally abundant over the TJB interval in the Danish and North German basins. In normal sporogenesis, the spore/pollen mother cell (2*n*), through double meiosis, forms a spore/pollen tetrad in which each spore/pollen is haploid (*n*). This normally results in 96% viable spores or pollen and a minor number, \<4%, aberrant and nonviable spores or pollen ([@R26]). This is in accordance with studies on both fossil and extant bisaccate pollen from sporangia, which contained 3 to 5% abnormal grains ([@R24]--[@R26]). As an example, of the 4.5% aberrant pollen in Permian glossopterid sporangia from Antarctica, 4% were not fully expanded grains, and 0.5% pollen exhibited mutagenic changes, i.e., had either only one saccus or extra sacci ([@R25]). Increased amounts of aberrant spores and pollen can form in several ways. Nonmutagenic changes can be induced through environmental stresses (e.g., drought, frost, and water logging) by disrupting the meiotic process during spore or pollen formation. In many cases, the environmental stress is seasonal and may only affect parts of a population and will often only result in increased amounts of immature, i.e., prematurely shed, spores or pollen that may or may not still be retained in tetrads when found dispersed. A disturbed meiotic process can sometimes lead to production of natural polyploids, i.e., viable diploid (2*n*) spores or pollen morphologically identical to normal haploid spores, except for a marked increase in size. This process is often an evolutionary advantage, as polyploid plants tend to be more vigorous and better at colonizing disturbed habitats ([@R26]). In present-day environmental studies, increased abundances of aberrant spores and pollen have been used as indicators of radioactivity ([@R59]), industrial pollution ([@R23]), and heavy-metal toxicity ([@R22]). To assess whether the increased abundance of aberrant spores and pollen were linked to emissions from the CAMP volcanism, this study was designed to combine records of teratology and Hg loading.

Mercury
-------

Total bulk analysis of Hg was conducted using a Milestone DMA-80 direct Hg analyzer, following the ASTM D6722-01 standard method (American Society for Testing and Materials, 2006) in the Geological Survey of Canada. Mercury was also analyzed using a LECO AMA254 mercury analyzer at the University of California, Davis by the same procedure. Gaseous elemental Hg was vaporized from the samples after heating at 800°C and then collected on a gold amalgamation trap for subsequent quantification using atomic absorption spectrometry. The standard reference materials used for this study included the National Institute of Standards and Technology (NIST) 2683B Coal with a certified value of 0.094 ± 0.004 μg/g Hg \[laboratory quality control (QC) data, 0.091 ± 0.004 μg/g Hg\] and NIST 1633B Fly Ash with a certified value of 0.141 ± 0.019 μg/g Hg (QC data, 0.141 μg/g ± 0.005 μg/g Hg). Duplicate analyses were carried out on nine samples from Stenlille-4 with Hg values ranging from 9.8 to 160.3 ppb with a mean analytical error of ±0.01%. All mercury data are listed in table S9.

Total organic carbon
--------------------

For samples from Stenlille-1 and Stenlille-4, the TOC \[weight % (wt %)\] was measured on approximately 50 mg of bulk dry samples using Rock-EVal 6 analysis at the Geological Survey of Canada with a detection limit for TOC of 0.24%. No TOC values below the detection limit were used for assessing Hg/TOC. For Rødby-1 and Norra Albert/Albert-1, sample powders were first treated with 10% HCl to dissolve any carbonates and centrifuged followed by decanting the supernatant. The remnants were washed with ultrapure Milli-Q water five to six times sufficient to neutralize the supernatant. Slurries were then dried for 36 to 48 hours at 50°C, reground in an agate mortar, and returned to the drying oven for several hours at 110°C. Powder (250 to 500 mg) was loaded in ceramic crucibles, and total (organic) carbon was analyzed with an Elementar Vario MAX CNS analyzer using the "Soil40" method in the Department of Geoscience, Aarhus University. Blanks, the sulfadiazine calibration standard, and working standard \[Aarhus University (AU) 780523\] were run at the beginning and end of each session and after every 10 samples. Blanks were \<0.035 wt % C, while the AU standard was reproducible within 0.3% at 1.94 wt % C. For Rødby-1 and Norra Albert/Albert-1, no TOC values below 0.5% were used for assessing Hg/TOC. All TOC data are listed in table S9.

Palynology
----------

The samples were prepared at the Geological Survey of Denmark and Greenland using standard palynological methods involving digestion of 20 g of sediment in hydrochloric and hydrofluoric acid, mild oxidation, and filtering of the organic residues over 11-μm mesh filter ([@R60]). Two to three strew slides were mounted per sample, using glycerine gel. To assess the percentage of aberrant forms, all normal and aberrant specimens of LTT- and LCT-spores were counted separately within one strew slide from each sample (tables S2 to S5), using a Leica DM 2000 transmitted light microscope fitted with a differential interference contrast system. During counting, the strew slides were scanned systematically using a ×40 lens (506097, Leica) along transverse transects, until the entire slide was scanned or until ≥100 specimens were counted. Only specimens that exhibit clear signs of aberrancy were counted as aberrant. Because folded, broken, or obscured specimens were always counted as normal, the obtained aberrancy values may be an underestimation. In some samples, statistical significance could not be obtained, and the results were disregarded in the plots in [Figs. 3](#F3){ref-type="fig"} to [5](#F5){ref-type="fig"} and figs. S2 and S4. LCT-spores were generally much less abundant than the LTT-spores. The quantitative data are presented in tables S2 to S7.

Teratology
----------

To assess the teratology, we focused on the aberrant spore data for two morphological groups that have relatively simple morphologies and sufficient exine thickness to enable distinction between true malformations and preservational artifacts. The first morphogroup, LTT-spores, comprises laevigate, triangular, trilete spores, which, during the Rhaetian and Early Jurassic in NW Europe, are known to have been produced by ferns of the Dipteridaceae, Dicksoniaceae, or Matoniaceae ([@R46]). The second morphogroup, the LCT-spores, comprises laevigate, circular, trilete spores that are known to have been produced by ferns assigned to the Osmundaceae or Marattiales ([@R46]). Thus, these two morphogroups are both most likely derived from heterogeneous mother plants that may have had different ecological preferences. The LTT-morphogroup includes spores that could, if found dispersed, be assigned to several different form taxa, including *Cyathidites*, *Concavisporites*, *Deltoidospora*, and *Dictyophyllidites*. This also includes some form taxa that are herein regarded as aberrant forms but that have been described as species of their own in published literature (Supplementary Text).

Rather than subdividing these fern spores according to form taxonomy on the species level, we focused on morphological traits related to function, i.e., viability (see below). The teratology may reflect different types of disturbance during spore formation, which may then indicate various forms of environmental stress. For this purpose, the teratologies were categorized on a five-step severity scale during the counts ([Table 1](#T1){ref-type="table"} and fig. S3). In some cases, spores exhibited several types of teratogeny, in which case they were classified after the severest form. Each sample was categorized according to the maximum severity of the teratology in that sample.

### Mild teratology

Usually, dwarfed forms could be distinguished from normal spores by their denser exine and underdeveloped character, but occasionally, the spores were merely unusually small in size. In the latter case, the spores may still have been viable. Dwarfed forms and unexpanded forms were considered to represent mild teratology and were primarily considered to have formed because of premature shedding from the sporangia ([Fig. 2, G to K](#F2){ref-type="fig"}). Unexpanded forms were most likely nonviable, as they never matured.

### Mild to moderate teratology

Uneven trilete rays, aberrant folding or cracking of the exine, and thickened labra or labra with deformations (i.e., growths, commonly in the form of verrucae or baculae) were considered mild to moderate teratology ([Table 1](#T1){ref-type="table"} and [Fig. 2, H to V](#F2){ref-type="fig"}). Uneven trilete rays may have developed if one or more of the spores in a spore tetrad had not matured when the spores are shed ([Fig. 2, L to N](#F2){ref-type="fig"}, and fig. S1, F and G). Spores with thickened labra, exemplified by [Fig. 2 (T and U)](#F2){ref-type="fig"} have previously been described as a separate for taxon (Supplementary Text) but were herein considered malformed. Aberrant folding and cracking of the exine are enigmatic features, which may indicate genetic disturbance that affected the concentration of sporopollenin in the spore wall ([Fig. 2, N to P, V, DD, and II](#F2){ref-type="fig"}, and fig. S1O). Specimens similar to these were often assigned to specific form taxa in the literature (Supplementary Text). Cracking of the exine was often also associated with more severe teratology. They were placed here within the mild to moderate teratology category, as these features may not necessarily have rendered the spores nonviable. Similarly, abnormally wide labra or labra with growths were also considered to have formed because of a minor genetic disturbance, but since the outline and size of the spores often appeared normal, the spores may still have been viable.

### Moderate teratology

Mono- or multilete marks and deformed outline were classified as moderate aberrancies ([Fig. 2, W to CC](#F2){ref-type="fig"}). Spores with monolete marks instead of trilete marks were either formed in a tetragonal instead of a tetrahedral tetrad or by unbalanced cytokinesis ([Fig. 2, X to AA](#F2){ref-type="fig"}, and fig. S1K). A multilete mark also demonstrated malfunctioning meiosis where the spore mother cell was divided into more than four spores ([Fig. 2, W, EE, and HH](#F2){ref-type="fig"}). A deformed outline was usually expressed as an invagination of the spore wall. In LTT-spores, this invagination was often located near one of the radial apices ([Fig. 2, AA to DD and FF](#F2){ref-type="fig"}). This invagination could possibly be a remnant of malfunctioning or incomplete cytokinesis.

### Moderate to severe teratology

This included weakly deformed proximal area (i.e., laesura still discernable) and deformed tetrads (including fused tetrads) ([Fig. 2, DD to GG](#F2){ref-type="fig"}). The weakly deformed proximal area was expressed as thickening and wrinkling of the proximal area, which often partially affected or distorted the trilete mark ([Fig. 2, DD to FF](#F2){ref-type="fig"}, and fig. S1, L and M). Deformed tetrads included fused tetrads, tetrads with various sized spores, and also fused dyads ([Fig. 2GG](#F2){ref-type="fig"} and fig. S1N) and was characterized by at least one of the individual spores being morphologically deformed. Both these teratologies were interpreted as reflecting genetic disturbance resulting in nonviable spores.

### Severe teratology

This included only spores with severely deformed proximal areas, where the laesurae were no longer discernable ([Fig. 2, HH and II](#F2){ref-type="fig"}, and fig. S1, O and P). These spores were nonviable.
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